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DEVICE INCLUDING CONTACT
STRUCTURE AND METHOD OF FORMING
THE SAME

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a device including a con-
tact structure and a method of forming the same.

2. Description of the Related Art

Contact structures may be employed in a number of
devices, e.g., semiconductor devices, optoelectronic devices,
etc., where 1t 1s desired to electrically connect a lower con-
ductive pattern to an upper conductive pattern. A contact
structure may be, e.g., a contact pattern such as a plug that 1s
formed 1n a via or hole passing through a layer that separates
the upper and lower conductive patterns. For example, the
contact structure may be a contact plug that penetrates an
insulating layer interposed between the lower conductive pat-
tern and the upper conductive pattern. A lower end and an
upper end of the contact plug may be connected to the lower
and upper conductive patterns, respectively, 1n order to elec-
trically connect the lower and upper conductive patterns.

In order to increase the degree of integration of a device
including the contact structure, 1t may be desirable to reduce
the size of the contact structure. For example, where the
contact structure 1s a contact plug having a generally cylin-
drical shape, 1t may be desirable to reduce the diameter of the
contact plug. However, reducing the size of the contact struc-
ture may impact the ability of the structure to carry an elec-
trical current. Moreover, if the amount of current flowing
through the contact structure decreases, characteristics of the
device may be degraded. For example, 1f the current 1s not
suificiently supplied or discharged, a signal delay or the like
may occur, which may generate an operational error 1n the
device. This may make 1t difficult to reduce the size of the
contact structure, may lower an operation speed of the device,
etc.

One approach to reducing the size of the contact structure
1s to form a contact plug of a metal-contaiming material, e.g.,
copper, titantum nitride, etc. For example, copper may sup-
port a current flow per unit area, 1.e., a current density, of up
to about 107 A/cm?. Similarly, titanium nitride may support a
current density of up to about 10® A/cm”. However, a contact
plug formed of copper or titanium nitride may still require a
diameter of the contact plug of 50 nm or more. That 1s, 1f the
diameter of the contact plug 1s smaller than about 50 nm, the
characteristics of the device may be degraded. Accordingly,
there 1s a need for a device suitable for a high degree of
integration and/or high-speed operation, and a method of
forming the same.

SUMMARY OF THE INVENTION

The present invention 1s therefore directed to a device
including a contact structure and method of forming the same,
which substantially overcome one or more of the problems
due to the limitations and disadvantages of the related art.

It 1s therefore a feature of an embodiment of the present
invention to provide a device having a carbon nanotube con-
tact structure.

It 1s therefore another feature of an embodiment of the
present mvention to provide a method of forming contact
structure that includes an efficient formation of a catalytic
layer.

At least one of the above and other features and advantages
of the present invention may be realized by providing a
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device, including an 1nsulating layer on a substrate having a
lower conductive pattern, the insulating layer having a con-
tact hole that penetrates the insulating layer and exposes a
portion of the lower conductive pattern, a catalytic pattern
having a first portion on the exposed portion of the lower
conductive pattern and a second portion on a sidewall of the
contact hole, a spacer on the sidewall of the contact hole,
wherein the second portion of the catalytic pattern 1s between
the spacer and the sidewall, and a contact plug in the contact
hole, the contact plug being a carbon nanotube material in
contact with the catalytic pattern.

The device may further include an upper conductive pat-
tern on the msulating layer and contacting the contact plug.
The spacer may be an insulating material having etch selec-
tivity with respect to the catalytic pattern. The catalytic pat-
tern may include a metal-containing material that catalyzes
the growth of carbon nanotube. The metal-containing mate-
rial may include at least one of nickel, aluminum, cobalt,
molybdenum, platinum, yttrium, iridium, 1ron, zirconium,
chromium, calctum, lanthanum, titanium, tungsten, tungsten
silicide, cobalt silicide, nickel silicide, titanium silicide, tita-
nium tungsten, and oxides thereof. The first portion of the
catalytic pattern may have a thickness of about 5 A to about
500 A.

At least one of the above and other features and advantages
ol the present invention may also be realized by providing a
method of forming a contact structure, including patterning
an insulating layer on a substrate having a lower conductive
pattern so as to form a contact hole that penetrates the 1nsu-
lating layer and exposes a portion of the lower conductive
pattern, forming a catalytic layer on the msulating layer, the
catalytic layer having a first portion on the exposed portion of
the lower conductive pattern and a second portion on a side-
wall of the contact hole, forming a spacer on the sidewall of
the contact hole, wherein the second portion of the catalytic
layer 1s disposed between the spacer and the sidewall, and
forming a contact plug on the first portion of the catalytic
layer, the contact plug being a carbon nanotube material.

Forming the spacer may include conformally forming a
spacer layer that covers at least the first and second portions of
the catalytic layer, and anisotropically etching the spacer
layer so as to expose the first portion of the catalytic layer. The
catalytic layer may further include a third portion on a top
surface of the insulating layer, and the method may turther
include removing the third portion of the catalytic layer
before forming the spacer layer. Removing the third portion
of the catalytic layer may include forming a sacrificial passi-
vation layer on the catalytic layer, removing the third portion
of the catalytic layer by planarizing the sacrificial passivation
layer and the catalytic layer until the insulating layer is
exposed, and removing the planarized sacrificial passivation
layer from the contact hole. The third portion of the catalytic
layer may be removed through a chemical mechanical pol-
1shing process immediately after forming the catalytic layer.

An etching gas used 1n the anisotropic etching may include
a chemical etching gas including carbon and fluorine, and a
physical etching gas. The chemical etching gas may include
at least one of a carbon tetrafluoride gas and a trifluo-
romethane gas, and the physical etching gas may include at
least one of an oxygen gas and an argon gas. The anisotropic
ctching may include providing a back bias of about 1 watts to
about 10 watts.

Forming the contact plug may include growing a carbon
nanotube higher than a top surface of the insulating layer, the
carbon nanotube being grown from the first portion of the
catalytic layer, and removing a portion of the carbon nanotube
that protrudes higher than the top surface of the nsulating
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layer. Removing the protruding portion of the carbon nano-
tube may include forming a sacrificial planarization layer on
the isulating layer, the sacrificial planarization layer cover-
ing the protruding portion of the carbon nanotube, and pla-
narizing the sacrificial planarization layer and the protruding,
portion of the carbon nanotube until the top surface of the
isulating layer 1s exposed. The method may further include
performing a plasma pre-treatment using an ammonia gas on
the first portion of the catalytic layer before growing the
carbon nanotube.

The method may further include forming an upper conduc-
tive pattern on the insulating layer, the upper conductive
pattern contacting the contact plug. The catalytic layer may
turther include a third portion on a top surface of the insulat-
ing layer, and the method may further include removing the
third portion of the catalytic layer after forming the spacer.
Third portion of the catalytic layer may be removed using a
chemical mechanical polishing process.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other features and advantages of the present
invention will become more apparent to those of ordinary
skill 1n the art by describing in detail exemplary embodiments
thereol with reference to the attached drawings, 1n which:

FI1G. 1 1llustrates a cross-sectional view of a device includ-
ing a contact structure according to an embodiment of the
present invention;

FIGS. 2 through 8 illustrate cross-sectional views of stages
in a method of forming a device including a contact structure
according to another embodiment of the present invention;
and

FIGS. 9 through 11 illustrate cross-sectional views of
stages 1n a method of forming a spacer or a catalytic pattern of
a device according to still another embodiment of the present
invention.

DETAILED DESCRIPTION OF THE INVENTION

Korean Patent Application No. 2006-06235, filed on Jan.
20, 2006, 1in the Korean Intellectual Property Office, and
entitled: “Semiconductor Devices Including Contact Struc-
ture and Methods of Forming the Same,” 1s incorporated by
reference herein in its entirety.

The present mvention will now be described more fully
hereinafter with reference to the accompanying drawings, in
which exemplary embodiments of the ivention are illus-
trated. The invention may, however, be embodied in different
forms and should not be construed as limited to the embodi-
ments set forth herein. Rather, these embodiments are pro-
vided so that this disclosure will be thorough and complete,
and will fully convey the scope of the mvention to those
skilled 1n the art.

In the figures, the dimensions of layers and regions may be
exaggerated for clarity of illustration. It will also be under-
stood that when a layer or element 1s referred to as being “on”
another layer or substrate, 1t can be directly on the other layer
or substrate, or intervening layers may also be present. Fur-
ther, 1t will be understood that when a layer is referred to as
being “under” another layer, it can be directly under, and one
or more 1ntervening layers may also be present. In addition, 1t
will also be understood that when a layer 1s referred to as
being “between” two layers, 1t can be the only layer between
the two layers, or one or more intervening layers may also be
present. Like reference numerals refer to like elements
throughout.
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FIG. 1 1llustrates a cross-sectional view of a device includ-
ing a contact structure according to an embodiment of the
present invention. Referring to F1G. 1, the device may include
an isulating layer 110 disposed on a substrate 100 having a
lower conductive pattern 105.

The insulating layer 110 may be, e.g., an interlayer insu-
lating layer, and may be formed of, e.g., an oxide, etc. The
substrate 100 may include, e.g., a semiconductor substrate
such as a single-crystalline substrate, an insulating material,
etc., and may include one or more layers, patterns, etc., below
the msulating layer 110 and/or the lower conductive pattern
105. For clarity, the substrate 100 will be described as a single

layer.

The lower conductive pattern 105 may be disposed on the
substrate 100, e.g., on a lower insulating layer, or may be
formed 1n the substrate 100, e.g., using a Damascene tech-
nique to form the lower conductive pattern 105 1n a lower
isulating layer, etc. The lower conductive pattern 105 may
have a shape that 1s, e.g., a generally linear shape, an 1sland
shape (1n plan view) such as a builfer conductive pattern, efc.

An upper surface of the lower conductive pattern 105 may
be covered by the msulating layer 110. The lower conductive
pattern 105 may include, e.g., impurity-doped silicon, metals
such as tungsten, copper, aluminum, molybdenum, etc., con-
ductive metal nitrides such as titanium nitride, tantalum
nitride, etc., metal silicides such as tungsten silicide, cobalt
silicide, etc.

In further detail, the device may iclude a catalytic pattern
120a disposed on a portion of the lower conductive pattern
105 that 1s exposed by a contact hole 115 that penetrates the
insulating layer 110. The catalytic pattern 120a may be
formed from a catalytic layer 120, as further described below.
In an implementation, the catalytic pattern 120a may be dis-
posed at the bottom 1154 and on the sidewalls 1155 of the
contact hole 115. The contact hole 115 may have a shape that
1s, €.g., generally cylindrical, elongated, etc.

Where the catalytic pattern 120a 1s formed at the bottom
1154 of the contact hole 115, 1.e., on the lower conductive
pattern 105 exposed by the contacthole 115, and on a sidewall
of the contact hole 115, the catalytic pattern 120a may be 1n
contact with the lower conductive pattern 105 at the bottom
115a of the contact hole 115.

For clarity, the catalytic pattern 120a will be referred to as
including a plurality of portions. It will be appreciated, how-
ever, that this 1s merely for descriptive purposes, and the
catalytic pattern 1204 may be formed by a process that forms
cach of the portions concurrently as a monolithic pattern, by
a process that forms the portions separately, etc.

Specifically, the catalytic pattern 120a may include a first
portion 120a-1 and a second portion 120a-2. The first portion
120a-1 of the catalytic pattern 120a may be disposed on the
portion of the lower conductive pattern 105 that 1s exposed by
the contact hole 115, that 1s, at the bottom 115« of the contact
hole 115. The second portion 120a-2 of the catalytic pattern
120a may be disposed on the sidewall 1155 of the contact hole
115.

The catalytic pattern 120a may be formed of a metal-
containing material that catalyzes the growth of carbon nano-
tubes, e.g., a maternial including one or more of nickel (Ni),
aluminum (Al), cobalt (Co), molybdenum (Mo), platinum
(Pt), yttrium (Y), iridium (Ir), iron (Fe), zircomum (Zr), chro-
mium (Cr), calcium (Ca), lanthanum (La), titantum (T1),
tungsten (W), tungsten silicide (WS1), cobalt silicide (CoSi),
nickel silicide (N1S1), titanium silicide (T151), and titantum
tungsten (11W), oxides of such materials, combinations of
such materials with oxides thereof, etc.
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The thickness of the catalytic pattern 120a may be about 5
A to about 500 A. In an implementation, the thickness of the
catalytic pattern 120a may be about 50 A. The thickness of the
catalytic pattern 120a may particularly refer to the thickness
of the first portion 120a-1 of the catalytic pattern 120aq, 1.¢.,
the thickness on the lower conductive pattern 105.

Where the catalytic pattern 120q 1s formed at the bottom
115a of the contact hole 115 and on the sidewall 11556 of the
contact hole 115, a spacer 130a may be disposed in the
contacthole 115 to cover the sidewall 1155 of the contact hole
115. That 1s, the second portion 120a-2 of the catalytic pattern
120a may be imterposed between the spacer 130a and the
sidewall 1154 of the contact hole 115, so as to cover the
second portion 120q¢-2. In an implementation, the spacer
130a may cover a periphery of the first portion 120a-1 of the
catalytic pattern 120a, and the center of the first portion
120a-1 of the catalytic pattern 120a may be exposed by the
spacer 130a.

The spacer 130a may be formed of, e.g., an nsulating
material having etch selectivity with respect to the catalytic
pattern 120a. For example, the spacer 130a may be formed of
one or more ol a mitride layer and an oxide layer.

A contact plug 1354 may be disposed in the contact hole
115. The contact plug 1354 may contact the first portion
120a-1 of the catalytic pattern 120q. In an implementation,
the contact plug 135¢ may contact the center of the first
portion 120a-1 of the catalytic pattern 120qa, and the spacer
130a may be interposed between the contact plug 135a and
the second portion 120a-2 of the catalytic pattern 120a.

A top surface of the contact plug 135q may be generally
coplanar with a top surface of the msulating layer 110. In an
implementation, the top surface of the contact plug 135a may
be generally coplanar with a top surface of the second portion
120a-2 of the catalytic pattern 120a and with at least a part of
a top surface of the spacer 130a. The contact plug 1354 may
be formed of carbon nanotubes 135, as further described
below.

An upper conductive pattern 145 may be disposed on the
insulating layer 110. The upper conductive pattern 145 may
contact the contact plug 135a for an electrical connection.
The contact plug 1354 may electrically connect the lower and
upper conductive patterns 105 and 145 that are insulated from
cach other by the msulating layer 110. The upper conductive
pattern 145 may have a shape that 1s, e.g., generally linear, an
1sland shape (1n plan view) such as a butler conductive pat-
tern, etc. In an implementation (not shown), the upper con-
ductive pattern 145 may be disposed in an upper msulating
layer formed on the msulating layer 110. The upper conduc-
tive pattern 145 may include, e.g., impurity-doped silicon,
metals such as tungsten, copper, aluminum, molybdenum,
etc., conductive metal nitrides such as titanium nitride, tan-
talum nitride, etc., metal silicides such as tungsten silicide,
cobalt silicide, etc.

As described above, a device according to an embodiment
of the present invention may include the contact plug 135a
formed of carbon nanotubes 1335. The current density of car-
bon nanotubes may be greater than about 10° A/cm”. Thus,
the contact plug 1354 may support a current flow through the
contact plug 135q that 1s significantly greater than that of a
conventional contactplug. Accordingly, a device according to
an embodiment of the present invention may be suitable for a
high degree of integration and/or high-speed operation.

In an 1mplementation, as described above, the second por-
tion 120a-2 of the catalytic pattern 120a formed on the side-
wall 1155 of the contact hole 115 may be covered with the
spacer 130a. Accordingly, the carbon nanotubes 135 may not
grow from the second portion 120a-2 of the catalytic pattern
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120a and may only grow upward from the center part of the
first portion 120a-1. As aresult, the contact plug 135a may be
formed without voids, which may reduce or prevent degrada-
tion of electrical characteristics of the contact plug 135a4.

A method of forming a semiconductor device including a
contact structure according to an embodiment of the present
invention will now be described with reference to FIGS. 2
through 8. Referring to FI1G. 2, the msulating layer 110 may
be formed on the substrate 100 that has the lower conductive
pattern 105. The substrate 100 may include, e.g., a semicon-
ductor substrate, a lower msulating layer formed on a sub-
strate, etc., as described above.

The lower conductive pattern 105 may be formed on a
lower 1nsulating layer (not shown) through a patterning pro-
cess, or may be formed 1n a lower 1nsulating layer using a
Damascene technique, etc. The lower conductive pattern 105
may have a shape that 1s, ¢.g., a generally linear shape, an
1sland shape (1n plan view) such as a butler conductive pat-
tern, etc. The msulating layer 110 may be patterned to form
the contact hole 115 exposing the lower conductive pattern
105.

Referring to FIG. 3, a catalytic layer 120 may be formed on
the substrate 100. The catalytic layer 120 may form the first
portion 120a-1 and the second portion 120a-2 of the catalytic
pattern 120q at the bottom 1154 of the contact hole 115 and on
the sidewall 1155 of the contacthole 115, respectively, as well
as a third portion 1205 on the nsulating layer 110, respec-
tively. The first portion 120a-1 may be on an upper surface of
the lower conductive pattern 103 that 1s exposed by the con-
tact hole 115.

The catalytic layer 120 may be formed of a metal-contain-
ing material that catalyzes the growth of carbon nanotubes,
¢.g., amaterial including one or more of N1, Al, Co, Mo, Pt, Y,
Ir, Fe, Zr, Cr, Ca, La, T1, W, WS1, CoS1, Ni1S1, T1S1, and T1W,
oxides of such materials, combinations of such materials with
oxides thereof, etc.

The catalytic layer 120 may be formed to a thickness of
about 5 A to about 500 A. In an implementation, the thickness
of the catalytic layer 120 may be about 50 A. The thickness of
the catalytic layer 120 may particularly refer to the thickness
for the first portion 1204a-1 of the catalytic pattern 120a, 1.¢.,
the thickness of the catalytic layer 120 on the lower conduc-
tive pattern 105. The catalytic layer 120 may be formed by,
¢.g., a chemical vapor deposition (CVD) process, an evapo-
ration process, a physical vapor deposition (PVD) process, an
atomic layer deposition (ALD) process, an 1on-implantation
process, etc.

An exemplary process of forming the catalytic layer 120 by
ion 1mplantation will now be described. The catalytic layer
120 may be formed by implanting ion components of the
alorementioned metal-containing materials into an upper sur-
face of the insulating layer 110, a surface of the sidewall 1155
of the contact hole 115, and a surtface of the lower conductive
pattern 105 exposed by the contact hole 1135. The 1ons may be
vertically implanted and/or implanted at an angle. When the
catalytic layer 120 1s formed by 1on implantation, the first
portion 120a-1 of the catalytic pattern 120a may include
some components of the insulating layer 110 and the second
portion 120a-2 of the catalytic pattern 120a may include
some components of the lower conductive pattern 105. Simi-
larly, the third portion 12056 of the catalytic layer 120 may
include some components of the mnsulating layer 110.

A spacer layer 130 may be formed on the catalytic layer
120, ¢.g., using a conformal process. As illustrated 1n FI1G. 3,
the spacer layer 130 may cover the first, second and third
portions 120a-1, 120a-2 and 1205. The spacer layer 130 may
be formed of, e.g., an insulating layer having etch selectivity
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with respect to the catalytic layer 120. For example, the
spacer layer 120 may be formed of one or more of a nitride
layer and an oxide layer.

Referring to FIG. 4, the spacer layer 130 may be anisotro-
pically etched using an anisotropic etching process to expose
the first portion 120q-1, thereby forming the spacer 130a
covering the sidewall 1156 of the contact hole 115. In an
implementation, the spacer 130a may cover a periphery of the
first portion 120a-1 of the catalytic pattern 120q, and the
center of the first portion 120a-1 of the catalytic pattern 120a
may be exposed by the spacer 130a. Forming the spacer 130a
may expose the third portion 1205 of the catalytic layer 120.

An etch gas for the anisotropic etching process may
include a chemical etching gas, 1.e., a gas that etches the
spacer layer 130 mainly by a chemical reaction, and a physi-
cal etching gas, 1.¢., a gas that etches the spacer layer 130
mainly by a physical action. The chemical etching gas may
include carbon and fluorine. For example, the chemical etch-
ing gas may include one or more of a carbon tetrafluoride
(CF,) gas and a trifluoromethane (CHF;) gas. The physical
gas may 1nclude one or more of oxygen (O,) gas and argon
(Ar) gas.

In an implementation, the etching gas may include CF , gas,
CHEF; gas, O, gas, and Ar gas. This etch gas may provide an
etchrateof the spacer layer 130 that1s much higher, e.g., more
than 100 times, than the etch rate of the catalytic layer 120.

A back bias for accelerating a plasma etching gas may be
provided at a low level, e.g., ranging from about 1 watts (W)
to about 10 W, 1n the anisotropic etching process. In an imple-
mentation, the back bias may be about 5 W. Accordingly, an
acceleration force of the plasma etching gases may be low-
ered. As aresult, a chemical etching force may be increased as
compared to a physical etching force, so that the etch rate of
the spacer layer 130 may be much higher than that of the
catalytic layer 120.

Referring to FIG. 5, the third portion 1205 of the catalytic
layer 120, 1.¢., the portion on the mnsulating layer 110, may be
removed to form the catalytic pattern 120q 1n the contact hole
115. The first portion 120a-1 of the catalytic pattern 120q
may be formed at the bottom 1154 of the contact hole 115, and
the second portion 120ae-2 may be formed on the sidewall
1155 of the contact hole 115, as described above. Further, the
periphery of the first portion 120a-1 of the catalytic pattern
120a may be covered by the spacer 130qa, and the center of the
first portion 120a-1 of the catalytic pattern 120a may be
exposed. The third portion 1205 of the catalytic layer 120 may
be removed by a chemical mechanical polishing (CMP) pro-
cess, which may allow the third portion 1205 to be removed
without etch damage to the catalytic pattern 120a.

Referring to FIG. 6, a carbon nanotube growth process may
be performed on the substrate 100 having the catalytic pattern
120a and the spacer 130a. In particular, one or more carbon
nanotubes 135 may be grown from the exposed part of the first
portion 120a-1 of the catalytic pattern 120qa. A side surface of
the second portion 1204a-2 of the catalytic pattern 120a may
be covered with the spacer 130q and, accordingly, the carbon
nanotubes 135 may grow upward from the exposed part of the
first portion 120a-1. That 1s, the carbon nanotubes 135 may be
selectively formed, using the catalytic pattern 120aq and the
spacer 130a, so as to grow upward from the bottom 115a of
the contacthole 115. Consequently, the carbon nanotubes 135
may have few or no voids and may exhibit excellent electrical
properties.

The carbon nanotubes 135 may be formed to extend higher
than the top surface of the insulating layer 110, in which case
the carbon nanotubes 1335 may include a portion protruding,
higher than the mnsulating layer 110. The carbon nanotubes

10

15

20

25

30

35

40

45

50

55

60

65

8

135 may not grow from the top surface of the insulating layer
110 because no catalytic pattern 120a may exist on the top
surface of the mnsulating layer 110.

As 1llustrated 1n FIG. 6, an uppermost edge of the second
portion 120a-2 of the catalytic pattern 120a may be exposed.
Accordingly, extraneous carbon nanotubes (not shown) may
have a tendency to grow from the exposed uppermost surface
of the second portion 120a-2 of the catalytic pattern 120aq,
although 1n practice such growth may not occur because the
thickness of the edge of the second portion 120a-2 may be too
small. That is, the area of the uppermost surface of the second
portion 120a-2 of the catalytic pattern 120 may be too small
for extraneous carbon nanotube growth.

The carbon nanotubes 135 may be formed by, e.g., a CVD
process using a process gas including a carbon source gas
such as an AP CVD process, a thermal CVD process, aplasma
CVD process, an electro cyclotron resonance (ECR) CVD
process, etc., by an ALD process, etc. The carbon source gas
may include or more of, e.g., hydrocarbon gases such as
C,H,, CH,, etc., CO, CO,, methanol, ethanol, halocarbon
gases such as C,F ., etc. The process gas may further include
a carrier gas, which may be an 1nert gas such as Ar, nitrogen
gas, helium gas, etc. In an implementation, the carbon nano-
tubes 135 may be formed at a process temperature of about
400° C. to about 900° C.

Belore the carbon nanotubes 135 are formed, plasma pre-
treatment, e.g., using an ammomnia (NH,) gas, may be per-
formed on an exposed part of the catalytic pattern 120aq.
Plasma pre-treatment may accelerate the growth of the carbon
nanotubes 135.

Referring to FIG. 7, a sacrificial planarization layer 140
may be formed across the surface of the substrate 100. The
sacrificial planarization layer 140 may cover any protruding
portions of the carbon nanotubes 135, as well as the insulating
layer 110. The sacrificial planarization layer 140 may be
formed of a material having an etch selectivity with respect to
the insulating layer 110. In an implementation, the sacrificial
planarization layer 140 may be formed of a material that 1s
similar to that of the carbon nanotube 135. For example, the
sacrificial planarization layer 140 may be formed of a photo-
resist layer, which may be a polymer material containing,
carbon.

Referring to FIG. 8, the sacrificial planarnization layer 140
and the carbon nanotubes 135 may be planarized until the
isulating layer 110 1s exposed, thereby forming the contact
plug 1354 1n the contact hole 115. The sacrificial planariza-
tion layer 140 may be completely removed through the pla-
narization process. If extrancous carbon nanotubes (not
shown) were formed on the uppermost surface of the second
portion 120a-2 of the catalytic pattern 120a, such extraneous
carbon nanotubes may also be removed.

In another implementation, the sacrificial planarization
layer 140 may be omitted, and the carbon nanotubes 135 may
be formed to a height corresponding to the top surface of the
insulating layer 110, e.g., by controlling the process time used
to grow the carbon nanotubes 135. In this case, the carbon
nanotubes 135 may be formed as the contact plug 135a,
without forming and planarizing the sacrificial planarization
layer 140. In this case, 1t 1s preferable that the extraneous
carbon nanotubes not be formed.

After formation of the contact plug 135a, subsequent
operations may then be employed to form the upper conduc-
tive pattern 145, as 1llustrated in FIG. 1. It will be appreciated
that such operations are within the level of one of ordinary
skill 1n the art, and may vary considerably depending on the
particular nature of the device being fabricated. An upper end
of the contact plug 135aq may be electrically connected to the
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upper conductive pattern. The upper conductive pattern 145
may have a shape that1s, e.g., generally linear, an 1sland shape
(in plan view) such as a buffer conductive pattern, etc. In an
implementation (not shown), the upper conductive pattern
145 may be disposed 1n an upper insulating layer formed on
the 1sulating layer 110. The upper conductive pattern 145
may include, e.g., impurity-doped silicon, metals such as
tungsten, copper, aluminum, molybdenum, etc., conductive
metal nitrides such as titanium nitride, tantalum nitride, etc.,
metal silicides such as tungsten silicide, cobalt silicide, etc.

As described above, the second portion 120a-2 of the cata-
lytic pattern 120a may be covered with the spacer 130a. Thus,
the carbon nanotubes 135 may grow upward from the bottom
115a of the contact hole 115, and may not grow from the
second portion 120a-2 of the catalytic pattern 120q formed on
the sidewall of the contact hole 115. Therefore, the contact
plug 135a may have excellent electrical characteristics.

If the carbon nanotubes 135 grow from the side surface of
the second portion 120a-2 of the catalytic pattern 120a, car-
bon nanotubes 135 within the contact plug 1354 may be
irregularly arranged and some carbon nanotubes 135 may
grow Ifrom an upper portion of the contact hole 115, which
may resultin generation of a void within the contact plug 135.
Consequently, the electrical characteristics of the contact
plug 135 may be degraded. However, such lowering of the
electrical characteristics of the contact plug 1354 may be
prevented 1n accordance with an embodiment of the present
invention, wherein the second portion 120a-2 of the catalytic
pattern 120q 1s covered with the spacer 130a.

During the anisotropic etching process for forming the
spacer 130a, the etch selectivity between the spacer layer 130
and the catalytic layer 120 may be very high. Thus, the cata-
lytic layer 120 may be formed very thin, yet etch damage to
the catalytic layer 120 may be minimized when forming the
spacer 130a. This thin catalytic layer 120 may vyield a corre-
spondingly thin exposed edge of the second portion 120a-2 at
the upper surface of the isulation layer 110, which may
reduce or prevent the formation of extraneous carbon nano-
tubes there.

As described above, the spacer 130a may be formed before
the catalytic layer 120 1s processed to form the catalytic
pattern 120q. In another sequence, the catalytic pattern 120a
may be formed first, and then the spacer 130a may be formed.
This sequence will now be described with reference to FIGS.
9 through 11, which illustrate cross-sectional views of stages
in a method of forming a spacer or a catalytic pattern of a
device according to still another embodiment of the present
invention.

In the following description, the formation of the lower
conductive pattern 105, the contact hole 115, and the catalytic
layer 120 may be similar to the operations described above.
Accordingly, in the following description, details thereof may
not be repeated.

Referring to FIG. 9, a sacrificial passivation layer 125 may
be formed on the substrate 100 having the catalytic layer 120.
The sacrificial passivation layer 125 may cover the entire
catalytic layer 120, and the contact hole 115 may be filled
with the sacrificial passivation layer 125. The sacrificial pas-
stvation layer 125 may be formed of a maternial having an etch
selectivity with respect to the catalytic layer 120. Further-
more, the sacrificial passivation layer 125 may be formed of a
material having an etch selectivity with respect to the insu-
lating layer 110. For example, the sacrificial passivation layer
125 may be formed of a spin on glass (SOG) layer, a photo-
resist layer, etc. When a SOG layer 1s used as the sacrificial
passivation layer 125, a CVD oxide layer may be used as the
insulating layer 110.
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Referring to FIG. 10, the sacrificial passivation layer 125
and the catalytic layer 120 may be successively planarized
until the msulating layer 110 1s exposed. Accordingly, the
third portion 1205 of the catalytic layer 120 on the imnsulating
layer 110 may be removed, leaving the catalytic pattern 120q
in the contact hole 115. A sacrificial passivation pattern 125q
may be formed 1n the catalytic pattern 120a within the contact
hole 115. The process of planarizing the sacrificial passiva-
tion layer 125 and the catalytic layer 120 may be performed
by, e.g., a blanket etch-back, CMP, etc. Then, referring to FI1G.
11, the sacrificial passivation pattern 125a may be removed to
expose the catalytic pattern 120a.

In an implementation (not shown), the sacrificial passiva-
tion layer 125 may be omitted. In this case, the third portion
12056 ot the catalytic layer 120 on the insulating layer 110 may
be removed, e.g., by CMP, right after the catalytic layer 120 1s
formed.

Referring again to FIG. 11, the spacer layer 130 may be
formed on the substrate 100 having the exposed catalytic
pattern 120q, e.g., using a conformal process. The spacer
layer 130 may cover the catalytic pattern 120a and the upper
surface of the insulating layer 100. Thereafter, the spacer
layer 130 may be amisotropically etched to form the spacer
130qa that 1s shown 1n FIG. 5. The anisotropic etching may be
performed 1n the same manner as described above with ref-
erence to FIG. 5. Subsequent processes may be performed 1n
the same manner as described above with reference to FIGS.
6 through 8.

As described above, embodiments of the present invention
may provide a device having a contact plug that electrically
connects lower and upper conductive patterns, the contact
plug being formed of carbon nanotubes that provide very high
current density. Thus, the device may provide an increased
current flow through the contact plug, which may enable
formation of a device having a high degree of integration
and/or high-speed operation.

As described above, a spacer may cover the portion of the
catalytic pattern formed on the sidewall of the contact hole,
such that carbon nanotubes that form the contact plug selec-
tively grow upward from the bottom of the contact hole.
Accordingly, the contact plug may be formed of carbon nano-
tubes having excellent electrical characteristics.

Furthermore, an amsotropic etching process may be
employed to form the spacer, the process providing excellent
etch selectivity with respect to the spacer layer and the cata-
lytic layer. Consequently, even 1f the catalytic layer 1s very
thin, the spacer may be formed while mimimizing etch dam-
age to the catalytic layer.

Exemplary embodiments of the present invention have
been disclosed herein, and although specific terms are
employed, they are used and are to be interpreted 1n a generic
and descriptive sense only and not for purpose of limitation.
Accordingly, 1t will be understood by those of ordinary skall
in the art that various changes 1n form and details may be
made without departing from the spirit and scope of the
present invention as set forth in the following claims.

What 1s claimed 1s:

1. A device, comprising;:

an insulating layer on a substrate having a lower conductive
pattern, the msulating layer having a contact hole that
penetrates the 1nsulating layer and exposes a portion of
the lower conductive pattern;

a catalytic pattern having a first portion on the exposed
portion of the lower conductive pattern and a second
portion on a sidewall of the contact hole;
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a spacer on the sidewall of the contact hole, wherein the
second portion of the catalytic pattern 1s between the
spacer and the sidewall; and

a contact plug in the contact hole, the contact plug being a
carbon nanotube material 1n contact with the catalytic
pattern.

2. The device as claimed 1n claim 1, further comprising an
upper conductive pattern on the insulating layer and contact-
ing the contact plug.

3. The device as claimed 1n claim 1, wherein the spacer 1s
an insulating material having etch selectivity with respect to
the catalytic pattern.

4. The device as claimed 1n claim 1, wherein the catalytic
pattern includes a metal-containing material that catalyzes
the growth of carbon nanotube.

5. The device as claimed 1n claim 4, wherein the metal-
containing material imncludes at least one of: nickel, alumi-
num, cobalt, molybdenum, platinum, yttrium, iridium, 1ron,
zircontum, chromium, calcium, lanthanum, titanium, tung-
sten, tungsten silicide, cobalt silicide, nickel silicide, titanium
silicide, titanium tungsten, and oxides thereof.

6. The device as claimed in claim 1, wherein the first
portion of the catalytic pattern has a thickness of about 5 A to
about 500 A.

7. A method of forming a contact structure, comprising:

patterning an insulating layer on a substrate having a lower
conductive pattern so as to form a contact hole that
penetrates the insulating layer and exposes a portion of
the lower conductive pattern;

forming a catalytic layer on the nsulating layer, the cata-
lytic layer having a first portion on the exposed portion
of the lower conductive pattern and a second portion on
a sidewall of the contact hole;

forming a spacer on the sidewall of the contact hole,
wherein the second portion of the catalytic layer 1s dis-
posed between the spacer and the sidewall; and

forming a contact plug on the first portion of the catalytic
layer, the contact plug being a carbon nanotube material.

8. The method as claimed in claim 7, wherein forming the
spacer Comprises:

conformally forming a spacer layer that covers at least the
first and second portions of the catalytic layer; and

anisotropically etching the spacer layer so as to expose the
first portion of the catalytic layer.

9. The method as claimed 1n claim 8, wherein the catalytic
layer further includes a third portion on a top surface of the
insulating layer, the method further comprising removing the
third portion of the catalytic layer before forming the spacer
layer.

10. The method as claimed 1n claim 9, wherein removing
the third portion of the catalytic layer comprises:

forming a sacrificial passivation layer on the catalytic
layer;
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removing the third portion of the catalytic layer by pla-
narizing the sacrificial passivation layer and the catalytic
layer until the msulating layer 1s exposed; and

removing the planarized sacrificial passivation layer from
the contact hole.

11. The method as claimed 1n claim 9, wherein the third
portion of the catalytic layer 1s removed through a chemical
mechanical polishing process immediately after forming the
catalytic layer.

12. The method as claimed 1n claim 8, wherein an etching
gas used 1n the anisotropic etching includes:

a chemical etching gas including carbon and fluorine; and

a physical etching gas.

13. The method as claimed 1n claim 12, wherein the chemi-
cal etching gas includes at least one of a carbon tetrafluoride
gas and a trifluoromethane gas, and

the physical etching gas includes at least one of an oxygen

gas and an argon gas.

14. The method as claimed 1n claim 8, wherein the aniso-
tropic etching includes providing a back bias of about 1 watts
to about 10 watts.

15. The method as claimed in claim 7, wherein forming the
contact plug comprises:

growing a carbon nanotube higher than a top surface of the

insulating layer, the carbon nanotube being grown from
the first portion of the catalytic layer; and

removing a portion of the carbon nanotube that protrudes

higher than the top surface of the insulating layer.
16. The method as claimed 1n claim 15, wherein removing
the protruding portion of the carbon nanotube comprises:
forming a sacrificial planarization layer on the isulating
layer, the sacrificial planarization layer covering the pro-
truding portion of the carbon nanotube; and

planarizing the sacrificial planarization layer and the pro-
truding portion of the carbon nanotube until the top
surface of the 1nsulating layer 1s exposed.

17. The method as claimed in claim 13, further comprising
performing a plasma pre-treatment using an ammonia gas on
the first portion of the catalytic layer before growing the
carbon nanotube.

18. The method as claimed 1n claim 7, further comprising
forming an upper conductive pattern on the insulating laver,
the upper conductive pattern contacting the contact plug.

19. The method as claimed in claim 7, wherein the catalytic
layer further includes a third portion on a top surface of the
insulating layer, the method turther comprising removing the
third portion of the catalytic layer after forming the spacer.

20. The method as claimed 1n claim 19, wherein the third
portion of the catalytic layer 1s removed using a chemical
mechanical polishing process.
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